EGFP was efficiently targeted to the limiting membrane of large dense core secretory vesicles (LDCVs) by fusion at the carboxyl terminus of the transmembrane LDCV protein phogrin (a phosphatase on the granules of insulinoma cells), producing the chimaeric protein phogrin-EGFP (see Materials and methods) [3, 7] . Time-lapse confocal microscopy using this probe has previously revealed vesicle trafficking, but not unambiguous fusion at the plasma membrane [3] . In this study we used an evanescence microscope (total internal reflection fluorescence microscope, TIRFM) to image the intrinsic fluorescence of the phogrin-EGFP in real time (Figure 1a ), and to compare it with that of vesicles loaded with acridine orange (Figure 1b ) [8] . When a single INS-1 cell, expressing phogrin-EGFP, was also stained with acridine orange, 62.1 ± 0.2% (mean ± SD; n = 8 cells) of vesicles showed co-localization of EGFP and acridine orange ( Figure 1c ). This may be a lower estimate as we observed a fluorescence image of phogrin-EGFP first, and then switched laser beams and filters in about 10 seconds to observe acridine orange. During the switch, a significant proportion of vesicles was likely to move. We therefore used a Nipkow disc-scanning confocal microscope combined with a three-chip colour charge-coupled device (CCD) camera to capture fluorescence images of phogrin-EGFP and acridine orange simultaneously in a single video frame. This indicated a co-localization rate of 84.2 ± 0.8% (n = 4 cells; Figure 1h ).
Imaging the release of acridine orange by evanescence wave microscopy
To observe the exocytotic response in individual secretory vesicles, we imaged secretory vesicles loaded with acridine orange. In the evanescent field, secretory vesicles were clearly visualized as fluorescent spots of variable intensities (Figure 2a ; average diameter 0.64 ± 0.32 µm; n = 8 cells). This range of values is similar to that in PC-12 [9] , MIN6 [10] and adrenal medullary chromaffin cells [4] . Some vesicles (not analyzed) were, however, significantly larger than 1 µm. The fluorescent vesicles showed a slow Brownian movement (average displacement 1.14 ± 0.26 µm/sec; n = 6 cells). When electrical stimulation (1 µA pulse, 1 msec) was applied with a micropipette, most of the fluorescent vesicles abruptly disappeared after a transient (33-100 msec) increase in fluorescence intensity. During the increase, the image of the vesicle became larger and more diffuse (Figure 2b , image 2). The time course of this fluorescence intensity change was very rapid (Figure 2c ), suggesting that release of insulin may be as rapid as that of catecholamines from the chromaffin cell [4] . The transient increase is accounted for by a directed diffusion of the fluorescent probe from a vesicle to the glass surface in the exponentially rising evanescent field. Overexpression of phogrin-EGFP had no adverse effect on regulated exocytosis (Figure 2d ), as previously observed [10] .
Imaging vesicles expressing phogrin-EGFP
Under the evanescence microscope, secretory vesicles expressing phogrin-EGFP were also visualized clearly as bright spots (Figure 3a ) of similar size to vesicles containing acridine orange (0.52 ± 0.12 µm, n = 8 cells). Under control conditions, the fluorescent vesicles again showed slow Brownian movement, whose extent was within twice the diameter of the vesicle (data not shown). Only a few vesicles (2.4 ± 0.7%, n = 8 cells) were observed to move further than 1 µm from their point of origin (average displacement in a unit time; 1.02 ± 0.15 µm/sec; n = 8 cells). When the depolarizing stimulation was applied, many of these vesicles (16.4 ± 3.4%, n = 8 cells) increased their motility (average displacement: 2.42 ± 1.25 µm/sec; n = 4 cells). Some vesicles moved long distances (up to 3 µm) several times.
In contrast to the behaviour of the vesicle cargo, reported by the acridine orange, stimulation was never associated with the disappearance of phogrin-EGFP fluorescence (Figure 3b ). The only change likely to be pertinent to the exocytotic response was a small decrease in phogrin-EGFP fluorescence (Figure 3c ). This decrease (~30-50%) occurred in ~1 second and only once per vesicle.
Simultaneous imaging of acridine orange and phogrin-EGFP by evanescence microscopy
The fate of vesicles expressing phogrin-EGFP after the exocytotic event was examined in vesicles co-loaded with acridine orange, in a dual window (W-view) evanescence microscope. Most vesicles appeared in both colour windows (Figure 4a ). Acridine orange was monitored in the red window and phogrin-EGFP in the green. The fluorescence intensity change of acridine orange-was larger than the change of phogrin-EGFP fluorescence (Figure 4b,c) , but occurred at the same time, consistent with the results of separate observations (Figures 2c, 3c ).
We next measured the movement of phogrin-EGFPexpressing vesicles during and after the exocytosis. Before stimulation, vesicles were largely quiescent as if docked to the plasma membrane. After stimulation, most did not markedly change their position in the green window in spite of the large response of acridine orange in the red. This suggests that vesicular shape is maintained even after exocytosis, and that there is no full merger with the plasma membrane. For some vesicles (7.5 ± 1.5%, n = 5 cells), the electrical pulse induced small movements, both before and after the exocytotic response. These consisted of rapid and transient displacements (Figure 4c , grey dots) in the X-Y plane only (Figure 4c , traces 1′ and 2′). These excursions sometimes reached 1 µm without a change in fluorescence intensity, suggesting that the vesicle can switch between spatially separated docking sites. This indicates a 'kiss and run' consisting of exocytotic release, followed by lateral movement ('gliding') over the cytoplasmic surface of the plasma membrane.
Application of botulinum neurotoxin C (100 nM, 30 min) almost completely inhibited acridine orange release, but did not affect the lateral movements, as expected for a vesicle detached from the plasma membrane (data not shown).
Conclusions
Using evanescent wave microscopy, we have followed the fast dynamics of both the membrane and cargo of single secretory vesicles, using phogrin-EGFP (efficiently expressed with an adenoviral vector) and acridine orange as markers, respectively. This technique has a number of advantages over those used previously [3] . The ability to co-localize acridine orange with a molecularly targeted probe (phogrin-EGFP) [11, 12] also reduces concerns about the localization of the former.
This study reveals two new aspects of exocytotic membrane fusion. While many studies have suggested that fusion of the secretory vesicle with the plasma membrane occurs rapidly during the exocytotic response [13] , our data reveal that vesicles remain spherical for quite a long time (minutes) after fusion. Whether the fusion pore remains open (but narrow) during this time is uncertain. The decrease in EGFP fluorescence we observed may result from one of several mechanisms: vesicle swelling and dilution of phogrin-EGFP; diffusion into the plasma membrane; or effects of the external medium, such as changes in pH, metal ions and so on. It is difficult to explain the decrease in fluorescence by translocation of the vesicle away from the plasma membrane and back into the cytoplasm, given the limited extent of the decrease (30-50%).
Brief Communication 1309 Another new finding from the present study is that the vesicle can move laterally on the plasma membrane for >1 µm from the original docking site (see Figure 4c ). This suggests that a vesicle may attach and detach repeatedly to the plasma membrane before and after fusion (Figure 4c ). Therefore, we conclude that a 'kiss and run' process occurs during exocytosis from insulin-containing vesicles; this agrees with previous electrophysiological evidence from chromaffin cells [14] . This run process occurs as an intermittent lateral movement over the plasma membrane. The lack of effect of botulinum toxin on this movement suggests a continuous binding of the vesicle to the plasma membrane at sites distinct from the SNARE complex sites. This may hold the vesicle close to the membrane while fusion and exocytosis occur through a process of 'kiss and glide'.
Supplementary material
Supplementary material including full Materials and methods is available at http://current-biology.com/supmat/supmatin.htm. 
